Phosphoenolpyruvate carboxylase (PEPC) is a key enzyme in the C 4 photosynthetic pathway of many of the world's worst weeds and a valuable target to develop C 4 plant-selective herbicides. By virtual screening, analog synthesis, and in vitro validation, we identified pyrazolidine-3,5-diones as a new class of small molecules with inhibitory potential down to the submicromolar range against C 4 PEPC and a selectivity factor of up to 16 over C 3 PEPC. No other biological activity has yet been reported for the best compound, (3-bromophenyl)-4-(3-hydroxybenzylidene)-pyrazolidine-3,5-dione. A systematic variation in the substituents allowed the derivation of a qualitative structure-activity relationship. These findings make this compound class highly interesting for further investigations toward generating potent, C 4 plant-selective herbicides with a low potential for unwanted effects.
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Keywords: C 4 photosynthesis; phosphoenolpyruvate; pyrazolidine-3, 5-diones; selective C 4 herbicides; virtual screening The development of herbicides against weeds has become a global challenge in agriculture as weeds compete with crops for water, sunlight, and soil nutrients. Additionally, the rapid development of resistances against established herbicides demands to develop bioactive compounds for new targets. For this, one can exploit that many of the worst weeds are C 4 plants, whereas the majority of crops use C 3 photosynthesis [1, 2] . Hence, one should be able to identify C 4 plant-selective herbicides by targeting enzymes of such plants. In C 4 photosynthesis, initially, inorganic carbon is fixed by the enzyme phosphoenolpyruvate (PEP) carboxylase (PEPC). PEPC catalyzes the carboxylation of PEP to the four-carbon molecule oxaloacetate [3] , which is reduced to aspartate or malate, or transaminated to asparagine [4] . Structural and biochemical studies have revealed that residue R884 of PEPC of the C 3 plant Flaveria pringlei assists in binding malate; malate then acts as a feedback inhibitor. R884 is conserved in all typical C 3 crop plants (Fig. S1 ). In contrast, in C 4 weeds, the homolog residue often corresponds to glycine, serine, glutamate, or glutamine, besides arginine (Fig. S2) . The smaller residues have been linked with a weaker feedback inhibitor-binding site [5] , for example, G884 in PEPC of the C 4 plant Flaveria trinervia does not show any interaction with the inhibitor [6] . Recently, we used the molecular difference in the feedback inhibitor-binding site of PEPC between C 3 and C 4 plants to develop potential C 4 plant-selective herbicides with a novel mode of action [7, 8] . These studies verified that the identified chalcones, quinoxalines, and catechins are potent inhibitors of C 4 PEPC (low micromolar to submicromolar range) and show selectivity factors over C 3 PEPC up to 27. However, chalcones are known to have a wide range of biological activities [9] such as antibacterial [10] , antioxidant [11] , antifungal [12] , and anticancer [13] effects. Quinoxalines also display a broad spectrum of biological activities [8] , and catechins are known to be antioxidants [14] and antifungal molecules [15] . Hence, identifying alternative molecule classes that serve as unique inhibitors for C 4 PEPC but show no/less effects on other targets remains an important task. Here, we identified, by repetitive rounds of ligand-and structure-based virtual screening on the ZINC database, analog synthesis, and in vitro validation, pyrazolidine-3,5-dione-based selective C 4 PEPC inhibitors with a so far unexplored chemotype for C 4 PEPC inhibition. These inhibitors are comparable in affinity and selectivity to the previous inhibitors but, to our knowledge, no other biological activity has yet been reported for them.
Materials and methods

Protein and ligand structure preparation
The crystal structures of PEPC of the C 4 plant F. trinervia (PDB ID 3ZGE) and the C 3 plant F. pringlei (PDB ID 3ZGB) [16] were retrieved from the Protein Data Bank [17] . Both structures were preprocessed with the Protein Preparation Wizard [18] of Schr€ odinger's Maestro suite. Thereby, bond orders were assigned, hydrogen was added, the Hbond network was optimized, and missing side chains were added using Prime [19, 20] . Finally, the systems were energy minimized using the OPLS 2005 force field, resulting in a root mean square deviation (RMSD) of 0.3 A with respect to chain A of the crystal structure [21] . In both crystal structures, PEPC forms a homo 4-mer. Since the allosteric-binding site is not affected by the presence of the other monomer, we only used one monomer for further analysis [22, 23] . 3D structures of ligands were generated with the LigPrep [24] module of the Schr€ odinger suite.
Virtual screening with ROCS and FRED
The ZINC database [25, 26] was initially screened for inhibitor candidates applying rules that describe favorable physico-chemical properties of herbicides [27] . The program Omega [28] was used to generate up to 100 conformations of each remaining compound. These conformations were screened with the combined shape query created from previously identified active compounds [8] using ROCS [29] . The default settings of ROCS were used for this screening step, and only the best fitting conformation for each compound was saved. Hits from this step were then docked by FRED [30] [31] [32] [33] into C 3 and C 4 PEPC. For this, the box was centered on the cocrystallized aspartate of PDB ID 3ZGE, and the dimensions of the box were set to 18.00, 14.67, and 17.00
A.
Docking with AutoDock
AUTODOCK 3.0 [34] in combination with DrugScore [35] was utilized to identify common binding modes of hits using the Lamarckian genetic algorithm with default parameters. The box was again centered on the cocrystallized aspartate. The dimension of the box was set to 60 A in each direction. Hundred independent docking runs were performed for each compound, with a maximum of 500 000 energy evaluations. A clustering RMSD cutoff of 2.0 A was chosen, and the docking solution with the lowest energy was taken if the configuration was found within a cluster covering more than 20% of all docking solutions.
Synthesis of new pyrazolidine-3,5-diones
All compound syntheses were performed by Taros Chemicals, Dortmund. The syntheses were performed according to Koo et al. [36] . Analytic data of the final products are provided as Data S1.
Chemicals for in vitro assays
Chemicals were acquired from Sigma-Aldrich (St Louis, USA) if not stated otherwise.
Cloning, protein expression, and purification
His-tagged recombinant PEPC of C 4 plant F. trinervia and C 3 plant F. pringlei cloned in bacterial expression vector pETEV16b (Novagene, Darmstadt, Germany) were expressed in Escherichia coli and purified by immobilizedmetal affinity chromatography (IMAC) on Ni 2+ -nitrilotriacetic acid agarose (GE Healthcare, Mu¨nchen, Germany) according to the protocol described in Paulus et al. 
PEPC-coupled spectrophotometric assay
Inhibition of purified recombinant PEPCs by pyrazolidine-3,5-diones was measured in a coupled spectrophotometric assay at 25°C in a Beckman DU-800 spectrophotometer as described previously [37] . Reaction mixture contained purified C 3 or C 4 PEPC (0.05 U), NADH (150 lM), malate dehydrogenase (2 U), and the pyrazolidine-3,5-diones studied in 50 mM HEPES/KOH pH 7.5, 10 mM MgCl 2 , 10 mM KHCO 3 . Catalytic turnover was started by adding PEP at concentrations corresponding to two-fold K m of the recombinant PEPC. The IC50 of selected pyrazolidine-3,5-diones was determined by varying the inhibitor concentration from 0.01 to 200 lM in the coupled spectrophotometric assay. Data were analyzed using GRAPHPAD Prism (GraphPad Software, Inc., La Jolla, CA, USA).
Results
We performed a ligand-based virtual screening on a subset of 15 000 molecules of the ZINC database filtered such that they comply with rules for favorable physico-chemical properties of herbicides [27] (see Fig. 1A ). Our search query was built based on two types of selective C 4 PEPC inhibitors, catechins and quinoxalines, identified previously by us [8] . To do so, we used Rapid Overlay of Chemical Structures (ROCS [29] ) to create a 3D overlay considering molecular shape and acceptor, donor, cationic, anionic, aromatic, and hydrophobic properties of these active compounds (Fig. 1B) . Applying this query with ROCS to the generated conformations of the 15 000 molecules yielded 7000 candidates fulfilling the characteristics of the 3D ROCS overlay. The candidates were then docked with FRED [30] [31] [32] [33] into the feedback inhibitor-binding Out of 700 hits, 10 were used for in vitro tests resulting in one active compound. In a second run, 15 000 compounds that fulfill the rules for bioavailability were screened for ligands with a pyrazolidine-3,5-dione core, and 20 hits were tested. In addition, ten potential inhibitors that only vary in ring B (compared to the initial hit) were designed, synthesized, and tested. (B) Shape-and properties-based query for a ROCS search based on an overlay of known inhibitors of C 4 PEPC [8] . Colored spheres represent ring structures (green), acceptor (blue), or donor atoms (red).
pocket of C 4 PEPC from F. trinervia. From the first 700 best scored molecules, 10 were selected by visual inspection for in vitro activity tests (Fig. 1A) . One active compound with an IC 50 value of 2.79 lM for C 4 PEPC and 13.98 lM for C 3 PEPC (resulting in a selectivity factor of 5.01) was identified (compound 1-1, Table 1 , Fig. S3 ). It contains a pyrazolidine-3,5-dione core with a phenyl substituent at position 2 and a benzylidene one at position 4 (referred to as ring A and ring B hereafter). Based on this initial hit, we performed a similarity search (2D using ROCS) to retrieve all pyrazolidine-3,5-diones from the 15 000 compounds. Twenty-two compounds were chosen for a second round of in vitro testing based on visual inspection. A first activity test revealed that 10 of the 22 compounds had an inhibitory effect (> 60%, Fig. S4 ). For the best four hits (inhibitory effect > 80%), the IC 50 values were measured for both C 3 and C 4 PEPC ( Table 1, Notably, of all five molecules identified so far, it is the only one that does not have a bromide substitution at ring A. Thus, in order to improve the selectivity, we decided to perform a screen for differently substituted aromatic rings B while keeping the 2-bromophenyl substituent as ring A. To be not limited by the pool of commercially available molecules, the compounds of interest were newly synthetized (compounds 3-1 to 3-10 in Table 1 ). The best compound 3-5 had an IC 50 value of 1.96 lM toward C 4 PEPC, a selectivity factor of 16.6, and a 2-hydroxyl-benzylidene substituent as Fig. S3. ring B. To investigate its binding mode, 3-5 was docked into the binding sites of C 3 and C 4 PEPC using Autodock with DrugScore potentials [38, 39] . The predicted binding pose in C 4 PEPC is shown in Fig. 2 . Ring B is located close to R641 and R888, forming cation-p interactions and a hydrogen bond between the 2-hydroxyl group and R641. A similar interaction pattern has been described for chalconebased inhibitors of PEPC [7] . Ring A is buried in the hydrophobic part of the binding pocket in between I113, L881, and A132. The comparison with the docking result in C 3 PEPC revealed a nearly identical binding mode. The observed selectivity, thus, cannot simply be explained by a different shape matching.
Discussion
Phosphoenolpyruvate carboxylase is a crucial enzyme for carbon fixation in photosynthesis. The structural differences in PEPC of C 3 and C 4 plants make it an attractive target for C 4 plant-selective herbicides. In this study, we used a repetitive ligand-and structurebased virtual screening approach to identify and characterize small molecules with a pyrazolidine-3,5-dione core as selective inhibitors of C 4 PEPC. Specifically, we identified 2-(3-bromophenyl)-4-(3-hydroxybenzylidene)-pyrazolidine-3,5-dione (compound 3-5) with an IC 50 value of 1.96 lM and a selectivity factor of 16.6 over C 3 PEPC. The inhibitor furthermore complies with rules for favorable physico-chemical properties of herbicides [27] . Both the inhibitory potential and the selectivity factor of 3-5 are comparable with those identified for the most promising chalcone-based inhibitors [7] and superior to those identified for catechine-based inhibitors [8] . With respect to quinoxaline-based inhibitors [8] , the inhibitory potential of 3-5 is higher by a factor of at least 70. In addition, for the identified pyrazolidine-3,5-diones, other biological activities have rarely been mentioned so far: A similarity search for compound 3-5 (Tanimoto similarity score > 90%) using SciFinder [40] or ChEMBL [41] did not reveal any literature entry related to a known other biological activity (databases accessed in July 2017). From our in vitro activity data and the predicted binding mode, a qualitative structure-activity relationship for the investigated pyrazolidine-3,5-diones can be derived. Bulky and rigid substituents in ring B such as 4-morpholino have a negative effect on the inhibitory potential (compounds 3-7, 3-8), which may be rationalized by steric clashes as identified in the docking experiment. Interestingly, bulky but more flexible residues such as benzyloxy (2-3) or phenylethyloxy (2-4) lowered the IC 50 to a submicromolar range. However, this increase in inhibitory potential toward C 4 PEPC was accompanied by a loss in selectivity over C 3 PEPC. This loss is probably caused by a different binding mode (shown for 2-4 in Fig. S5 ), where a new orientation of both ring A and ring B enable a cationp interaction of the benzyloxy moiety with the nearby R687. A 3-hydroxyl group at ring B yielded both a good inhibitory potential and selectivity (3-5), likely because it allows the formation of a hydrogen bond with either R888 or N964, which appears unlikely to form with hydroxyl groups in positions 2 or 4 due to a larger distance to those amino acids (resulting in higher IC 50 values). In support of this hypothesis, a similar effect was detected when the hydroxyl group was exchanged by a nitro group (compounds 3-1 to 3-3) or ether moiety (3-9 and 3-10), which can function as (weak) hydrogen bond acceptors [42] .
Finally, as to selectivity-determining factors, the binding pockets of our C 3 and C 4 PEPC differ only in position 884 (arginine in C 3 PEPC instead of glycine in C 4 PEPC). Multiple sequence alignments reveal that amino acids are highly conserved in the feedback inhibitor-binding pocket (Figs S1 and S2), with R884 in C 3 PEPC being fully conserved and glycine being the most common amino acid in C 4 PEPC at position 884 that is different from the arginine found in C 3 PEPC. Hence, the PEPC investigated here are good representatives of their families. As almost all our compounds show a selectivity toward C 4 PEPC, apparently, disfavorable steric interactions of R884 in C 3 PEPC with ring B in the identified binding mode outweigh potentially favorable cation-p or polar interactions.
As to in vivo experiments, only a preliminary study has been carried out on the effect of the identified pyrazolidine-3,5-dione inhibitors on C 4 plants. No obvious damage or growth-inhibitory effect was observed with the C 4 weed Amaranthus retroflexus when sprayed at single dose at 3 mM concentration. However, previous weed control and herbicide research projects have already shown that herbicidal activities critically depend on formulation and application of the active compound [43] . Consequently, further plant uptake studies will address if higher dose, repetitive spraying, or the addition of surfactants can promote foliar absorption and herbicidal activities of pyrazolidine-3,5-diones.
In conclusion, we identified pyrazolidine-3,5-diones (Fig. 3) as a new class of small molecules with inhibitory potential in the low micromolar to submicromolar range against C 4 PEPC and a selectivity factor of up to 16 with respect to binding to C 3 PEPC. To the best of our knowledge, no other biological activity has yet been reported for our best compound, 3-5. A systematic variation of substituents at ring B allowed deriving a qualitative structure-activity relationship. Together, these findings make this compound class highly interesting for further investigations toward generating potent, C 4 plant-selective herbicides with a low potential for unwanted effects. 
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